Significant research efforts have been put into the discovery and synthesis of new organic/molecular ferroelectrics with the room-temperature polarization comparable to that in oxide ferroelectrics. [1] [2] [3] Recent reports feature such materials as donor-acceptor charge transfer complexes, 4 ,5 supramolecular-assemblies, 6 polar structures with relatively high melting temperature, 2, 7 metal-organic coordination compounds, 8, 9 and biological tissues. 10, 11 These research efforts are focused on uncovering the fundamental mechanisms of molecular ferroelectricity and phase transformations, as well as on designing novel ferroelectric materials for application in electronic devices. Vinylidene fluoride (VDF) based ferroelectrics and their trifluoroethylene (TrFE) copolymers are the most widely studied organic ferroelectrics and used, primarily because of their relatively high polarization value (approximately 10 lC/cm 2 ), biocompatibility, non-toxicity, and ease of large scale fabrication by low cost solvent-based methods. However, a large coercive field (of the order of magnitude 50 MV/m), 12 and consequently, a high operational voltage, is one of the limiting factors in their applications based on polarization reversal. Development of the deposition methods, such as Langmuir-Blodgett (LB) 13 and vacuum evaporation of VDF-oligomers, 14 allowed fabrication of ultra-thin (a few nanometers) films with electrical switchability in the range of several volts. Decreasing the thicknesses below 100 nm, however, results in coercive fields greatly exceeding 50 MV/m, and degradation of ferroelectric properties mainly due to poor crystallinity. 15 It is well known that the functional properties of molecular materials are strongly dependent on the orientation and conformation of the molecules. 16, 17 VDF-oligomers, which contain a finite number of the VDF units, represent an ideal opportunity to investigate their ferroelectric properties as a function of molecular arrangements controlled by fabrication conditions. 18, 19 Previously, VDF-oligomer films with molecular chains aligned parallel to the substrate have been extensively characterized by macroscopic electrical, [20] [21] [22] structural, 18, 23, 24 and local probe-based methods. 14, 23, 25 In this article, using high-resolution piezoresponse force microscopy (PFM), we have investigated the switching characteristics of the highly crystalline VDF-oligomer thin films with molecular chains oriented normal to the substrate. Several key observations have been made: (i) reversible and reproducible switching of the in-plane polarization occurring via non-180 rotation of dipoles, mediated by deterministic nucleation, expansion, and coalescence of domains; (ii) relaxation of the electrically induced states to the strongly pinned as-grown state; and (iii) an extremely low value of a coercive field in comparison with poly-VDF (PVDF) and its copolymers.
Coplanar rectangular inter-digital electrodes have been used to induce the in-plane polarization reversal in the VDF films. The Ti(2 nm)/Au(20 nm) coplanar inter-digital electrodes were fabricated by electron beam lithography on top of the n-doped Si wafer with 200-nm-thick SiO 2 overlayer ( Fig.  1(a) ). The spacing between the electrode fingers varied in the range from 2 lm to 8 lm (Fig. 1(b) ). After patterning of the electrodes, 20-nm-thick crystalline films of VDF oligomers (CF 3 -[CH 2 -CF 2 ] n -I, where n ¼ 17 6 2) were fabricated using a horizontal Schaefer variation of the LB transfer technique. 26 The oligomer powder was dissolved in dimethylsulfoxide (DMSO) to a concentration of 0.05% by weight and dispersed on the LB trough, compressed to a surface pressure of 5 mN/ m and transferred by horizontal contact one layer (monolayer-ML) at a time to the patterned highly doped silicon substrate. The average thickness of a nominal ML, i.e., a layer obtained during a single transfer cycle, is about 4.4 nm. 27 The measured thickness of a 5 ML VDF film is approximately 20 nm determined from the cross-sectional analysis of the topographic AFM images and is well within the oligomer chain length dispersion (i.e., Dn ¼ 62). Details of the LB deposition process are similar to that reported in Ref. 27 . No subsequent treatment was applied to the samples after the LB deposition process. For macroscopic current-voltage (I-V) investigation, coplanar Al electrodes (length approximately 2 cm, thickness ¼ 100 nm, and spacing approximately 150 lm) were deposited on the (Si/SiO 2 ) doped Si substrate by thermal evaporation, and measurements were performed subsequently after fabrication of a 30 ML VDF film. A commercial atomic force microscope (Asylum MFP-3D) was used in this study to visualize the ferroelectric domain structure. Resonance-enhanced PFM imaging (ac bias: 1 V, frequency range: 200-500 kHz) has been used to visualize the polarization state in the inter-electrode gap ( Fig. 1(a) ). Conductive triangular Cr/Au-coated (k ¼ 0.09 N/m) cantilevers have been used in these studies.
Previously, 19, 27 it has been established that the molecular chains in the VDF oligomer films fabricated by LB deposition are aligned (nearly) normal to the substrate, with the spontaneous polarization predominantly in the plane of the film. Therefore, to investigate switching characteristics of thin films of VDF-oligomers, coplanar inter-digital electrodes have been employed ( Fig. 1(a) ). Coplanar electrode geometry allows application of a uniform in-plane switching electric field, while PFM imaging can be performed on the bare VDF surface in the inter-electrode gap ( Fig. 1(b) ) to monitor evolution of the nucleated domains either in the remanent (the switching field is off during PFM imaging) or in the dynamic, or in situ, regime (the switching field is on during PFM imaging). Switching of the remanent in-plane polarization by the 65 V, 1 s electric field pulses has been observed by means of lateral PFM (LPFM) (Figs. 2(a)-2(c) ). Importantly, vertical PFM (VPFM) maps (Figs. 2(d)-2(f)) characterized by a low amplitude signal remain mostly unaffected by external field application. As reported earlier, 27 the likely origin of the vertical response signal is a slight inclination of -C-C-chains away from the substrate normal. In addition, it has been observed that the fully switched in-plane polarization states (supplementary material, Fig. S1 ) 28 relax over a period of time ranging from several seconds to several minutes. This process manifests itself during repetitive imaging process as appearance of a number of domains of opposite polarity, which gradually grow in size (supplementary material, Fig. S1 ).
To visualize the transition between two opposite in-plane polarization states and to elucidate the mechanism of polarization reversal, in-situ PFM imaging with an incrementally changing dc bias has been performed. As can be seen in Figure 3 , the switching proceeds via nucleation and growth of irregular domains rather than via the forward growth of high aspect ratio needle-shaped domains along the direction of the applied field as in the case of single crystals. Figure 3 shows the evolution of the x-component of the in-plane polarization, i.e., component along the direction of the applied electric field. To obtain an additional insight into the in-plane polarization reversal, evolution of the y-component of the in-plane polarization (perpendicular to the direction of the applied field) has been studied by the vector-PFM approach. 29 As can be seen in Fig. 4 , under a small in-situ DC bias (60.5 V), the x-component remains mostly unperturbed (Figs. 4(a)-4(c) ), while the y-component reverses its direction under a much smaller DC bias (60.2 V) (Figs. 4(d)-4(f) ). Further increase of a DC bias (until x-component flips too) has no further effect on the y-component. Therefore, the obtained in-situ PFM maps (Figs. 3 and 4 ) point out to a switching process, which proceeds via non-180 rotation of dipoles around -C-C-molecular chain axis. Specifically, at a smaller field, the in-plane polarization vector toggles by a small angle (h) which in PFM appears as a reversal of the y-component in combination with the unperturbed x-component. At the stronger external field, the x-component reverses too, which can be interpreted as the in-plane polarization vector rotation by a larger (>90 ) angle "/" (supplementary material, Fig. S2) . 28 Based on crystal symmetry, polarization reversal in PVDF-based ferroelectrics may progress through successive 60 rotations of molecular dipoles. 30 Thus, it can be argued that at the smaller field, net in-plane polarization vector rotates likely by steps of h ¼ 60 or by / ¼ 120 at higher fields. We also note that the as-grown multidomain (x-component) in-plane polarization state (Fig. 3(e) ) was found to be strongly pinned (supplementary material, Fig. S3 ), 28 and the electrically induced single-domain states always relax to the as-grown state after poling. Moreover, there is a distinct difference between the strongly imprinted as-grown state for the x-and y-components of the in-plane polarization, i.e., a pinned multidomain state for the x-component (Fig. 4(a) ) and a nearly single-domain imprinted state for the y-component (Fig. 4(d) ).
Figures 3 and 4 also allow an estimate of the coercive field (E c ) value. The obtained value of E c of about 0.6 MV/m (supplementary material, Sec. IV) 28 is two to three orders of magnitude lower than the previously reported values for VDF oligomers (100-200 MV/m), 21 and at least an order of magnitude lower than the lowest coercive field reported for the PVDF-TrFE nanostructures (of order 10 MV/m). 31 The coercive field value obtained from analysis of the PFM images is in good agreement with the macroscopic currentvoltage measurements (Fig. 5 ) performed in the LB deposited VDF oligomer films. From the positions of the two switching-current peaks (Fig. 5) , the estimated value of coercive field is 0.23 MV/m. Furthermore, repetitive in-situ PFM imaging (Figs. 3 and 4) revealed that the domain nucleation process is deterministic-it always occurs at the same fixed locations. Most of these nucleation sites are located at the grain boundaries (see the inset in Fig. 5 ).
To shed light on the in-plane switching characteristics of the VDF-oligomer thin films, below we discuss two issues: (i) reasons behind a low coercive field of about 0.6 MV/m and (ii) causes of the observed domain relaxation in these films. With regard to the first issue, it is worth noting that all the prior investigations were performed in VDFbased ferroelectrics with molecular chains aligned parallel to the substrate. In our case, molecular chains are oriented nearly normal to the substrate and thus each molecular chain has a smaller interaction cross-sectional area at the interface (substrate) than the in-plane oriented molecular chains. This provides a relatively large degree of freedom for the dipole rotation (less steric hindrance 21 ) resulting in the low coercive field value.
As far the relaxation is concerned, the initial multidomain in-plane polarization state implies the existence of charged domain walls. For charged domain walls to exist, the bound charges in the bulk associated with discontinuity of polarization should be effectively screened by the mobile charges and/or immobile charged defects. Recent observations 27, 32 suggest the existence of stable as-grown charged (head-to-head and tail-to-tail) domain wall configurations in organic ferroelectrics with origin of compensating screening charges yet to be understood. In our case, application of an external (coplanar) electric field removes the charged domain walls; however, the compensating charges (in the bulk) still reside at the same locations as before usually at the grain boundaries (see the inset in Fig. 5 ), and therefore produce large internal fields, 32 triggering the relaxation of the electrically induced single-domain-states back to the as-grown domain state. Moreover, the observed relaxation is likely aided by incomplete screening of polarization at the coplanar metal electrodes because of poorly defined metal/ferroelectric interface and non-uniform film coverage.
The defining characteristic of the ferroelectric materials is the presence of stable polarization in the absence of an external field. However, the observed relaxation of the electrically induced mono-domain states in these thin films forbids their use in devices relying on hysteretic and stable character of polarization despite a low voltage needed for the polarization reorientation. Here, we suggest a few pathways to address the issue of polarization retention and are as follows.
(1) enhancement of crystallinity to reduce the density of the pinning centers by annealing the samples at temperatures just below the melting point ($120-140 C); (2) application of strong electric fields for extended periods of time to induce migration and redistribution of the pinned charges; and (3) combination of approaches 1 and 2. In fact, preliminary data ( Figure S4 ) obtained using approach (2) indicate that the polarization retention can be improved by poling the films by strong electric fields.
It should be noted that not all of the domain patterns were unstable. We found that the coplanar inter-digital electrodes allow formation of plane domain walls (Fig. 6) . Since the PFM maps in Fig. 4 show a strongly imprinted uniform y-component, it can be concluded that this wall (likely a 120 domain wall) is electrically neutral. However, strong pinning of the x-component implies that the charged plane domain walls can be also fabricated using a specific direction of the planar electric field.
In summary, high-resolution PFM has been used to investigate the switching behavior of the VDF-oligomer thin films with a preferential in-plane polarization using a planar geometry of electrodes. Switching of in-plane polarization has been shown to proceed via non-180 rotation of dipoles mediated by deterministic nucleation, expansion, and coalescence of domains. As-grown domain configurations are found to be strongly pinned and characterized by a presence of charged domain walls, which results in the relaxation of the electrically induced states. An unprecedentedly low value of coercive field (0.6 MV/m) is attributed to low steric hindrance to the rotation of molecular dipoles in the molecular chains aligned normal to the substrate. The obtained results may spur further studies of the switching dynamics and electronic properties of the planar domain walls in ferroelectric polymer films.
